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Segmentation of the peripheral nervous system of vertebrates requires guidance cues located in the adjacent somitic
mesoderm. Recent experiments suggest that inhibitory molecules in the posterior somite may in¯uence segmentation by
restricting the outgrowth of axons and the migration of neural crest cells to the anterior somite. A potential candidate for
an inhibitory molecule is collagen IX, a chondroitin sulfate proteoglycan made by sclerotome cells of the somite and by the
notochord. Immunohistochemical localization of collagen IX demonstrated that its expression in the posterior sclerotome of
the somite correlates with axon outgrowth and neural crest cell migration through the anterior sclerotome. In vitro, sensory
neurites on ®bronectin, and motor neurites on basal lamina extract, avoid regions which contain substrate-bound collagen
IX. This effect can be abolished by chondroitinase treatment, suggesting that the glycosaminoglycan component of the
molecule is responsible for this activity. Further, collagen IX elicits a similar avoidance behavior by neural crest cells in
vitro. These data suggest that collagen IX contributes to the segmentation of the peripheral nervous system in vivo.
q 1996 Academic Press, Inc.
INTRODUCTION that the development of this segmental pattern is not intrin-
sic to the nervous system, rather, it is due to a property of
The mechanisms involved in segmentation of the periph- the somites. Embryos in which portions of neural tube were
eral nervous system during embryonic development have rotated 1807 in an anteroposterior direction relative to the
been intensively studied for more than a century. Evidence somites had normal motor axon outgrowth patterns (Keynes
suggests that the pattern of the peripheral nervous system and Stern, 1984). When a portion of the segmental plate
is in¯uenced by the metameric mesodermal somites (for was rotated 1807 in the anteroposterior direction, axons and
review see Keynes and Stern, 1988). Somites ®rst arise from neural crest cells traverse the posterior (original anterior)
the segmental plate mesoderm as epithelial balls. While half of each somite (Keynes and Stern, 1984; Bronner-Fraser
maintaining their segmental pattern, the somites undergo and Stern, 1991).
rapid morphogenic rearrangement to form two major subdi- It is likely that molecular differences within the somites
visions: the dermamyotome (presumptive dermis and skele- in¯uence neural crest cell, motor, and sensory axon move-
tal muscle), and the sclerotome (presumptive vertebral col- ment. There may be attractive cues in the anterior somite,
umn and ribs). inhibitory cues in the posterior somite, or both. However,
During development, motor and sensory axons project, molecules whose expression is restricted to the anterior
and neural crest cells migrate, exclusively through the ante- sclerotome of the somite such as butyrlcholinesterase
rior sclerotome of each somite (Rickmann et al., 1985). The (Layer et al., 1988), tenascin (Tan et al., 1987), and the
adult pattern of spinal nerve segmentation is the result of M7412 antigen (Tanaka et al., 1989) have not been shown to
this selective outgrowth. Experimental evidence suggests actively affect segmentation. Further, extracellular matrix
components which promote neural crest cell migration and
axon outgrowth in vitro, such as ®bronectin and laminin,1 Present address: The Skirball Institute of Biomolecular Medi-
are expressed throughout the somite, suggesting that thesecine, Developmental Genetics Program, NYU Medical Center, 540
molecules are not involved in segmentation (Rovasio et al.,First Avenue, New York, NY, 10016.
2 To whom correspondence should be addressed. 1983; Rogers et al., 1983; Rickman et al., 1985). Experi-
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phate buffer, pH 7.4, for 1 hr. The specimens were rinsed in Ca2//ments in which somites are ablated result in unsegmented
Mg2/-free Hanks (CMF) and cryoprotected with 30% sucrose foroutgrowth of motor axons from the neural tube, demonstra-
4 hr. After embedding in OCT compound, 20-mm sections wereting that axon growth can take place in the absence of the
mounted onto gelatin/chrome alum-subbed slides and incubatedanterior somite (Lewis et al., 1981). Together, these data
with supernatant from one of the following hybridoma clones: 2B9,suggest that the anterior sclerotome of the somite does not
9BA12 (IgM; Ring et al., 1995), and HNK-1 (IgM, ATCC TIB 200,
exert a dominant in¯uence in peripheral nervous system American Type Culture Collection, Rockville, MD) for 1 hr. After
segmentation. three rinses in CMF with 1% bovine serum albumin (BSA) sections
Alternatively, molecules selectively expressed in the were incubated with a Cy-3-labeled secondary antibody (m-chain
posterior sclerotome could in¯uence segmentation by re- speci®c) for 1 hr. Some sections were treated with 100 units/ml
collagenase VII (Sigma) for 2 hr at 377C prior to incubation withstricting outgrowth from this region. Molecules whose
primary antibody.expression is restricted to the posterior sclerotome of the
somite include the 48 and 55 K peanut lectin (PNA) bind-
ing proteins (Davies et al., 1990), T-cadherin (Ranscht and
Puri®cation of Collagen IXBronner-Fraser, 1991), and three proteoglycans: collagen
IX (Ring et al., 1995), versican (Landolt et al., 1995), and Collagen IX in the proteoglycan form was puri®ed from E10
a cytotactin-binding proteoglycan (Tan et al., 1987). chick vitreous body by ion exchange chromatography and CsCl
Chondroitin-6-sulfate and PNA immunoreactivity have isopycnic centrifugation (Yada et al., 1990). Chick vitreous body
also been demonstrated in the posterior sclerotome (Stern was homogenized in CMF and clari®ed by centrifugation at
15,000 rpm for 30 min. The supernatant was loaded onto a DEAEet al., 1986; Oakley and Tosney, 1991). In addition, chon-
fast ¯ow column (Pharmacia) equilibrated in 0.05 M Tris, pHdroitin sulfate proteoglycans and PNA binding proteins
7.6. The column was eluted with a continuous NaCl gradienthave been shown to inhibit neurite outgrowth and neural
(0±1.0 M); fractions which demonstrated 2B9 immunoreactivitycrest cell migration in vitro (Newgreen et al., 1986; Da-
by dot blot were combined. CsCl (1.36 g/ml) was added to thevies et al., 1990; Snow et al., 1990), and treatment of
collagen IX-enriched sample and centrifuged for 72 hr at 30,000
somites in vitro with PNA abolishes the inhibitory nature rpm. The tubes were fractionated into six parts and the jelly-like
of the posterior sclerotome (Krull et al., 1995). These data pellet at the bottom of the tube was reconstituted in CMF. 2B9
suggest that inhibitory molecules, possibly proteogly- immunoreactivity appeared in the D1 fraction (the bottom 16 of
cans, in the posterior sclerotome could actively in¯uence the tube) and in the jelly-like pellet (D0).
peripheral nervous system segmentation.
Preliminary data localized collagen IX to the posterior
sclerotome of the somite, making it a candidate involved in SDS±PAGE and Immunoblotting Analysis of
Collagen IXperipheral nervous system segmentation (Ring et al., 1995).
Collagen IX is a unique molecule associated with the extra-
The D1 and D0 samples were analyzed by gradient (3.6±15%)cellular matrix and vitreous body (Brewton et al., 1991).
SDS±PAGE under nonreducing conditions (Laemmli, 1970) and
Collagen IX contains three genetically distinct polypep- then stained with alcian blue as described (Moller et al., 1993),
tides, an a1(IX), an a2(IX), and an a3(IX), which contain followed by Coomassie blue G. Samples (20 ml) were untreated or
both collagenous and noncollagenous domains (van der Rest digested with 0.14 units/ml chondroitinase ABC (Sigma) or 100
et al., 1985). One of the subunits, the a2(IX), contains a units/ml collagenase VII / 0.001 M PMSF for 12 hr at 377C. Colla-
gen IX concentration was estimated by comparison of intact corecovalently attached chondroitin sulfate chain (Huber et al.,
protein with molecular weight standards in Coomassie blue G-1986). Two separate promoters drive expression of the
stained gels. Some gels were electrophoretically transferred to ni-a1(IX) gene, generating tissue-speci®c transcripts of colla-
trocellulose ®lters. After blocking nonspeci®c protein binding withgen IX (Nishimura et al., 1989).
5% nonfat dry milk, the nitrocellulose was incubated with theWe report here that the distribution of collagen IX in
monoclonal antibody 2B9, 2C2, or a biotin-labeled PNA. Blots werethe posterior sclerotome of the somite correlates with the
then washed in Tris-buffered saline containing 0.1% Tween 20 and
outgrowth of motor axons and the migration of neural crest incubated with an alkaline phosphatase-conjugated m-chain speci®c
cells through the anterior sclerotome of the somite. In addi- or streptavidin secondary antibody, as appropriate.
tion, we have used puri®ed collagen IX to assess its effect
on motor and sensory neurite outgrowth and neural crest
cell migration in vitro. Its localization and biological activ- Analysis of Collagen IX in Neurite Outgrowth in
ity in these experiments suggest that it contributes to the Vitro
segmentation of the peripheral nervous system of the chick
The effect of puri®ed collagen IX on the outgrowth of neuritesby an inhibitory mechanism.
from dorsal root ganglia (DRG) or ventral neural tube (NT) explants
was analyzed in vitro. Collagen IX, ®bronectin (for DRG, as a posi-
MATERIALS AND METHODS tive control), retinal basal lamina extract (for NT, as a positive
control; Halfter and von Boxberg, 1992), or BSA (as a negative con-
Immunohistochemical Localization of Collagen IX trol) was adsorbed onto 35-mm tissue culture dishes coated with
nitrocellulose in an area that was approximately a 1-cm circle (La-Embryos were staged according to Hamburger and Hamilton
(1951) and ®xed in 4% paraformaldehyde in 0.1 M potassium phos- genaur and Lemmon, 1987). Alternatively, ®bronectin was mixed
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with collagen IX or BSA (2 ml each from a 60-mg/ml sample), and trunk region were excised and incubated 8 min in 10 mg/ml dispase.
After ®ve washes in serum-containing media (10% newborn calfthe mixture adsorbed onto dishes as above. After a 15-min incuba-
tion at 377C, dishes were washed with CMF, and then a small serum in DMEM), followed by several washes in serum alone, the
surrounding tissues (somites, epithelia, and notochord) were dis-amount of media (10% newborn calf serum in DMEM; for DRG
cultures, 1005 M cytosine b-D-arabinofuranoside, 100 ng/ml NGF sected away from the neural tube. The neural tube explant (one to
two per dish) was then placed perpendicular to the line containingwere included) was added. DRG were dissected from E5-6 chick or
quail in media, and two to three explants were added to each dish collagen IX and cultured 24 hr in a small amount of media (50
ml). Neural crest cell migration from the neural tube explants waswith single substrates and substrate mixtures and cultured 24 or
48 hr in vitro. Neural tubes were dissected from E5 chick or quail observed by phase contrast microscopy.
embryos and cut into 0.5-cm pieces. The pia was carefully removed
and the dorsal half of the tube was separated with ®ne tungsten
Enzyme Treatmentneedles. The ventral pieces of neural tube were adsorbed to black
nitrocellulose ®lters and then cut lengthwise with a tissue chopper
To assess what effect the glycosaminoglycan (GAG) portion ofinto 250-mm strips. Strips were placed explant side down into the
collagen IX had on the neurites grown in the aforementioned para-dishes (one to two explants per dish) with single substrates and
digms, dishes were treated with chondroitinase ABC prior to thecultured 48 hr. After ®xation in formalin, neurite outgrowth was
addition of explanted tissue. Once the substrates were prepared,visualized by dark-®eld microscopy, or cultures were permeabilized
chondroitinase ABC (0.014 units/ml in media / 0.001 M PMSF)with 2% Triton X-100 and then stained with an anti-neuro®lament
was added to the dishes and incubated 1 hr at 377C. After digestion,primary antibody (4H6, IgG; Halfter et al., 1994). Detection was
the dishes were washed with CMF, then explanted tissue, and aperformed with an HRP-coupled secondary antibody and a Vector
small amount of media was added as above and cultured 24 to 48peroxidase substrate kit.
hr. The 2B9 monoclonal antibody was used to stain these dishesA second set of in vitro experiments tested what neurites would
to demonstrate the removal of the GAG chain of collagen IX.do once they encounter a region which contains a combination of
Two separate batches of collagen IX were used for these in vitroa favorable substrate / collagen IX, after they had begun growing
experiments, and each experiment was repeated at least 10 times.on the favorable substrate alone. The substrates consisted of a spot
or line that contained collagen IX and either ®bronectin or basal
lamina extract, bounded by a region which contained only ®bro-
nectin or basal lamina extract (border paradigm). For these experi- RESULTS
ments, a 2-ml spot or line of collagen IX (10, 20, 40, and 60 mg/ml)
was adsorbed to dishes as above and then incubated 15 min at 377C. Distribution of Collagen IX in the Trunk Region of
After washing with a small amount of CMF, the spot or line and the Chick
a 1-cm-square surrounding area were overlayed with 20 ml ®bro-
nectin (60 mg/ml) or basal lamina extract (40 mg/ml), respectively. We used the monoclonal antibody 2B9 to identify the
After a 15-min incubation at 377C, the entire area was washed with distribution of collagen IX in the trunk region of the chick
CMF, and a small amount of media was added (see above). Control embryo at stage 17. The 2B9 monoclonal antibody has been
conditions for border experiments substituted BSA (at 10, 20, 40, shown previously to recognize a carbohydrate epitope asso-
and 60 mg/ml) for collagen IX. DRG and NT strips were prepared ciated with the glycosaminoglycan chain of collagen IX
as above. Twelve to sixteen DRG were added to dishes with spots (Ring et al., 1995). In cross sections through the trunk re-
containing collagen IX, allowed to settle randomly, and then cul-
gion, collagen IX expression, as revealed by 2B9 immunore-tured 24 or 48 hr (see Fig. 4A). NT strips were placed in dishes,
activity, appeared in the notochord and perinotochordalexplant side down (one to two explants per dish), perpendicular to
space, and in the sclerotome of the somites approximatelylines containing collagen IX, and cultured 48 hr (see Fig. 7A). Neu-
every 250 mm (Fig. 1A). Horizontal sections stained withrites were observed by immunocytochemistry with an anti-neuro-
®lament antibody as above. Some dishes were stained with the the 2B9 monoclonal antibody revealed that collagen IX was
monoclonal antibody 2B9 or an anti-®bronectin polyclonal anti- expressed in the posterior sclerotome of the somites (Fig.
body (GIBCO BRL) to identify areas containing collagen IX or ®- 1B) and was inversely correlated with the distribution of
bronectin, respectively. motor axons and neural crest cells, as revealed by HNK-1
immunoreactivity (Tucker et al., 1984) in an adjacent hori-
zontal section (Fig. 1E). After digestion with collagenase,Analysis of Collagen IX in Neural Crest Cell
the immunoreactivity with the 2B9 monoclonal antibody inMigration in Vitro
the somites, perinotochordal space, and mesenchyme was
To test the effect of collagen IX on neural crest cell migration, largely abolished, indicating that the carbohydrate epitope
a similar border experiment was designed. For these experiments, recognized by the 2B9 antibody was associated with a col-
the substrates were prepared by adsorbing a 5-ml line of collagen lagenous core protein (Fig. 1D). Treatment of sections with
IX (60 mg/ml) to dishes as above and then adding basal lamina collagenase did not diminish immunoreactivity with the
extract (40 mg/ml) as above. Some dishes were incubated with 5 ml 9BA12 monoclonal antibody, a general marker for chondroi-
of 20 mg/ml poly-L-lysine prior to the addition of basal lamina ex-
tin sulfate proteoglycans, indicating that nonspeci®c pro-tract in order to facilitate attachment of the explant. In such dishes,
tein digestion had not occurred (Figs. 1E, undigested; 1F,the poly-L-lysine was spotted in an area that was approximately a
digested). These data demonstrate that collagen IX could be1-cm circle over the collagen IX stripes. Neural tube explants were
detected with the 2B9 monoclonal antibody by stage 17 inisolated from E2 chick as described previously (Rovasio et al., 1983).
Brie¯y, embryos were removed and small sections of the caudal the posterior sclerotome. At later stages, collagen IX contin-
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FIG. 1. Immunohistochemical localization of collagen IX in the somitic mesoderm of the developing chick. In cross sections (A),
immunoreactivity with the 2B9 monoclonal antibody appeared within and around the notochord (N), the pia (P), and around the neural
tube (NT). Staining in the sclerotome (S) appeared approximately every 65 mm, as is apparent in this slightly oblique section (A) in which
the sclerotome to the right is immunoreactive, whereas the sclerotome to the left is not. In horizontal sections (B), 2B9 immunoreactivity
indeed appears alternately in the posterior (P) sclerotome of each somite and is virtually absent from the anterior sclerotome (A). The
distribution of motor axons (MA) and neural crest cells (NC) identi®ed with the HNK-1 monoclonal antibody are shown in an adjacent
horizontal secton (C). This distribution inversely correlates with that of 2B9 immunoreactivity in that it appears in the anterior sclerotome
of each somite. Sections treated with collagenase (D) reduced the 2B9 immunoreactivity to only in and around the notochord, demonstrating
that the glycosaminoglycan epitope recognized by this antibody was associated with a collagenous core protein. Immunoreactivity with
the 9BA12 antibody, a general marker for proteoglycans, was observed throughout the somites, in the neural tube, the pia, and other
mesenchymal tissues (E); this staining pattern was largely undisturbed by collagenase treatment (F). R, rostral pole of embryo in B and
C. Length of one somite (S) is indicated. Scale bar, 125 mm.
ues to be expressed in the developing axial skeleton (Swider- Activity of Substrate-Bound Collagen IX in Vitro
ski and Solursh, 1992; Ring et al., 1995); however, it is
Since the localization of collagen IX to the posteriorexpressed only in the notochord at earlier stages (not
shown). sclerotome of the somite correlated with the projection
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of sensory and motor axons through the anterior sclero-
tome, we wondered if puri®ed collagen IX would affect
the outgrowth of neurites from DRG (sensory) and NT
(motor) neurons in vitro. Microgram quantities of colla-
gen IX were required for use in the following neurite out-
growth assays. However, obtaining such amounts of any
protein from somitic mesoderm is virtually impossible;
thus, we chose the vitreous body of the eye as a source.
The eyes of chick embryos are quite large, and the vitre-
ous body contains abundant collagen IX in the proteogly-
can form. In addition, chick vitreous body is acellular,
making it an excellent source for puri®cation. Previous
reports have shown that vitreous body from stage 36 (Em-
bryonic Day (E) 10) embryos contains as the prominent
species the short form of the a1(IX) chain of collagen IX
(Yada et al., 1990). This short-form is also made by cells FIG. 2. SDS±PAGE and Western analysis of puri®ed collagen IX.
of the notochord and sclerotome as early as stage 11, prior Collagen IX was puri®ed from E10 chick vitreous body by ion ex-
to chondrogenesis (Hayashi et al., 1988, 1992). change chromatography and CsCl isopycnic centrifugation. The
puri®ed sample was electrophoresed on a gradient (3.6±15%) poly-
acrylamide gel and stained with a combination of Alcian blue/Puri®cation of Collagen IX Coomassie blue G (lane 1). After chondroitinase ABC digestion,
the core protein of the proteoglycan appeared as a doublet of appar-Collagen IX was puri®ed from E10 chick vitreous body
ent Mr 270 and 290 1 103 (lane 2); additional bands correspond toby ion exchange chromatography and CsCl isopycnic cen-
those of the enzyme sample (compare to lane 3 in which an equiva-trifugation. SDS±PAGE and Western analysis under nonre-
lent amount of enzyme sample was run alone). In Western blots,ducing conditions of the puri®ed proteoglycan are shown
the 2C2 monoclonal antibody recognized the puri®ed proteoglycan
in Fig. 2. The chondroitin sulfate proteoglycan isolated from from vitreous (lane 4); after chondroitinase treatment, the bands
vitreous body appeared on alcian blue/Coomassie blue- corresponding to the core protein of collagen IX were resolved (lane
stained gels as a broad smear of apparent Mr 800 1 103 6). An equivalent amount of the enzyme sample was run (lane 5)
(Fig. 2, lane 1). The core protein of the chondroitinase ABC- and did not show any immunoreactivity with the 2C2 monoclonal
digested proteoglycan appeared as a doublet of apparent Mr antibody. The 2B9 monoclonal antibody also recognized the puri-
®ed proteoglycan from vitreous (lane 7), but after chondroitinase270 and 290 1 103 (Fig. 2, lane 2). Additional bands in lane
digestion, the core protein is not recognized by this antibody (lane2 correspond to those of the enzyme preparation, as revealed
8). The puri®ed proteoglycan is also recognized by the 9BA12 mono-by comparison with the banding pattern in lane 3, in which
clonal antibody (lane 9).an equal amount of enzyme sample alone was run. Western
analysis demonstrated that the puri®ed proteoglycan was
recognized by the 2C2 monoclonal antibody, which has
been shown previously to recognize both the short and the
Effect of Collagen IX on Sensory Neuritelong forms of collagen IX protein (Fig. 2, lane 4). No 2C2
Outgrowth in Vitroimmunoreactivity was observed, however, after treatment
of the puri®ed proteoglycan with collagenase (not shown), Axons from dorsal root ganglia grow through the anterior
sclerotome of the somite, avoiding the posterior sclerotome,although after chondroitinase treatment, the bands corre-
sponding to the core protein of the puri®ed proteoglycan which contains collagen IX. We wanted to test the effect of
substrate-bound collagen IX on neurites from DRG. In allwere identi®ed (Fig. 2, lane 6). These data demonstrate that
the molecule puri®ed from vitreous body was indeed colla- cases (number of explants (n)  33), DRG cultured on colla-
gen IX or BSA (as a negative control) demonstrated little orgen IX in the proteoglycan form. The puri®ed proteoglycan
was also identi®ed by the 2B9 monoclonal antibody in no outgrowth compared to DRG cultured on ®bronectin (as
a positive control) (Figs. 3A±3C). When mixed with ®bro-Western blots (Fig. 2, lane 7), but immunoreactivity disap-
peared after treatment with chondroitinase (Fig. 2, lane 8), nectin, collagen IX dramatically decreased the neurite out-
growth-promoting properties of this molecule (Fig. 3D).con®rming that the 2B9 monoclonal antibody recognized a
carbohydrate epitope associated with the glycosaminogly- Neurite outgrowth on a mixture of ®bronectin and BSA
appeared normal, indicating that the effect seen with colla-can of collagen IX. The puri®ed proteoglycan is also recog-
nized by the 9BA12 monoclonal antibody, a general marker gen IX was not due to dilution of ®bronectin with a nonspe-
ci®c protein (Fig. 3E). These experiments demonstrate thatfor chondroitin sulfate proteoglycans (Fig. 2, lane 9). PNA
reactivity did not appear in Western blots using puri®ed collagen IX, even when combined with a potent neurite
outgrowth-promoting molecule such as ®bronectin, can in-collagen IX as a sample (not shown), suggesting that colla-
gen IX is not the molecule associated with PNA-binding hibit neurite outgrowth from sensory neurons in vitro.
During development, neural crest cells, sensory, and mo-activity previously reported (Davies et al., 1990).
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taining 60, 40, or 20 mg/ml collagen IX (not shown). Spots
which contained 10 mg/ml of collagen IX (n  15) were less
potent at eliciting an avoidance response; however, neurites
that strayed into these areas were shorter than others from
the same explant that were growing on ®bronectin alone
(Fig. 5D). No avoidance reaction was elicited from neurites
from DRG cultured in dishes prepared the same way, but
which substituted BSA (60 mg/ml) for collagen IX (Fig. 5E).
In each case (n  21), neurites from DRG growing on ®bro-
nectin alone freely crossed the border and entered spots of
BSA / ®bronectin. To localize collagen IX, the dishes were
stained with the monoclonal antibody 2B9 and an HRP-
coupled secondary antibody. Note that the intensity of the
HRP reaction product correlated with the different concen-
trations of collagen IX in the spots. These data demonstrate
that sensory neurites in vitro avoid regions containing sub-
strate-bound collagen IX, even at low concentrations, and
suggest that collagen IX may play a similar role in vivo.
To test the hypothesis that the GAG side chain of colla-
gen IX was responsible for the behavior of the DRG neu-
rites described above, substrates were digested with chon-
droitinase ABC (Fig. 6). In all cases (n  18), neurites from
DRG grown on chondroitinase-treated ®bronectin ap-FIG. 3. Substrate-bound collagen IX inhibits sensory neurite out-
peared identical to their undigested counterparts (Fig. 6A).growth in vitro. E5-6 quail DRG were cultured for 24 hr on various
Enzyme treatment only slightly improved the appearancesubstrates adsorbed to nitrocellulose-coated dishes. Neurite out-
growth was visualized by dark-®eld microscopy. (A) DRG were of neurites from DRG grown on collagen IX alone (Fig.
cultured on substrate-bound ®bronectin (5 ml of 60 mg/ml), (B) colla- 6B); however, those grown on a mixture of ®bronectin and
gen IX (5 ml of 60 mg/ml), and (C) BSA (5 ml of 60 mg/ml, as a negative collagen IX that had been treated with chondroitinase re-
control). Fibronectin was mixed with (D) collagen IX or (E) BSA, sembled those grown on ®bronectin alone (Fig. 6C). Dishes
and the mixture (2 ml each of 60 mg/ml) adsorbed to nitrocellulose- in which border substrates had been set up and then treated
coated dishes. The behavior of neurites from DRG explants on with enzyme no longer displayed any avoidance behavior,
substrate mixtures demonstrates that collagen IX can speci®cally
indicating that the GAG chain was responsible for thisinhibit the outgrowth of these neurites. Scale bar, 100 mm.
inhibitory activity (Fig. 6D).
Effect of Collagen IX on Motor Neurite Outgrowthtor axons grow through the ®bronectin-rich anterior somite,
in Vitrowhile apparently actively avoiding the posterior somite,
which contains both ®bronectin and collagen IX. We at- The axons of motor neurons also respond to positional
cues within the somite during the establishment of periph-tempted to recreate this in vivo situation in vitro, by asking
neurites to make a choice between different substrates ad- eral nervous system segmentation. Thus, it was useful to
design an in vitro system to test the effect of substrate-sorbed to nitrocellulose-coated dishes. The dishes in these
so-called ``border paradigms'' contained regions of collagen bound collagen IX on motor axons. Longitudinal pieces of
hemisected ventral spinal cord (dorsal cord removed) couldIX / ®bronectin, bounded by a region that contained only
®bronectin (Fig. 4A). Immuno¯uorescence staining of the be cultured on substrates in a paradigm similar to that with
the DRG (Fig. 7A). These spinal cord strips were placedsubstrates in such dishes demonstrated the colocalization
of ®bronectin and collagen IX adjacent to the region with perpendicularly across alternating stripes of basal lamina
extract and basal lamina extract/ collagen IX. Basal lamina®bronectin alone (Figs. 4B and 4C). DRG from E5-6 chick
or quail were added to dishes prepared as above and allowed extract consists of extracellular matrix molecules from the
inner limiting membrane of the chick retina and is a potentto settle randomly. After 24 hr in culture, abundant neurite
outgrowth was observed from ganglia which landed on re- neurite outgrowth-promoting substance when used as a
substrate in vitro (Halfter and von Boxberg, 1992). Neuritegions containing only ®bronectin. However, in all cases (n
 45), these neurites completely avoided spots which con- outgrowth from ventral neural tube explants was signi®-
cantly better on basal lamina extract than ®bronectin andtained 60 or 40 mg/ml of collagen IX (Figs. 5A and 5B); only
the occasional neurite would venture into spots containing tended to occur in a clockwise direction. Neurites appeared
longer from the side of the explant corresponding to the20 mg/ml collagen IX (Fig. 5C). After 48 hr, neurite length
increased in regions which contained only ®bronectin, but lateral surface of the neural tube and reached several milli-
meters in 48 hr, strongly suggesting that these axons be-in every case (n  20), none had crossed into areas con-
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FIG. 4. Substrate preparation for border paradigm. (A) 2-ml spots of collagen IX at 10, 20, 40, and 60 mg/ml were adsorbed to nitrocellulose-
coated dishes as in the diagram. 20 ml of 60 mg/ml ®bronectin was then added to the dishes in a region corresponding to the hatched
square. Substrates in these dishes consisted of spots of collagen IX at the above concentrations / ®bronectin, bounded by a large area
which contained only ®bronectin. 10±20 DRG were added to the center of the dish and allowed to settle randomly. A representative dish
was double stained with the monoclonal antibody 2B9 and a Cy-3-coupled secondary antibody, and a polyclonal antibody to ®bronectin
and a FITC-coupled secondary antibody. A region corresponding to the rectangle in A is shown in B (2B9 immunoreactivity) and C
(®bronectin immunoreactivity). Note: Collagen IX remains localized to the spot; however, immuno¯uorescence corresponding to ®bronec-
tin appears equally intense inside and outside the spot, indicating that there is no dramatic change in ®bronectin concentration. Scale
bar, 100 mm.
longed to motor neurons, and not interneurons. In addition, sclerotome of the somite, forming the dorsal root ganglia.
Thus, it was important to test the effect of substrate-boundthis neurite outgrowth was NGF-independent, indicating
that these did not belong to any dorsal root ganglion cells collagen IX on neural crest cell migration. Substrates in
these dishes were prepared in the same way as those whichthat may have adhered to the cord after removal of the pia.
The resulting neurite outgrowth in such an experiment is examined motor neurite outgrowth (see Fig. 7A). E2 neural
tube explants (notochord removed) were placed perpendicu-shown in Fig. 7B. In all cases (n  10), neurite outgrowth
did not occur from the portion of the explant over the region lar to stripes of basal lamina extract and basal lamina extract
/ collagen IX. In all cases (n  10), neural crest cell migra-containing the mixture of basal lamina extract and collagen
IX (boxed area of Fig. 7B). Abundant neurite outgrowth did tion occurred from the portion of the explant over the basal
lamina stripe (Fig. 8). However, these cells did not migrateoccur in the basal lamina stripe, but these neurites did not
cross into the adjacent stripe containing collagen IX. Treat- into the adjacent stripe which contained collagen IX. Only
a few cells were able to migrate from the portion of thement of the substrate with chondroitinase ABC did not alter
the effect of basal lamina extract on motor neurite out- explant over the collagen IX-containing stripe. Thus, simi-
lar to its effect on sensory and motor axon outgrowth, colla-growth; however, the avoidance behavior of motor neurites
to substrate-bound collagen IX was abolished by enzyme gen IX is an unfavorable substrate for neural crest cell migra-
tion and is able to elicit an avoidance response from thesetreatment (Fig. 7C). These experiments demonstrate the
ability of collagen IX to inhibit the outgrowth of motor cells in vitro.
axons, even when combined with basal lamina extract, a
substance which contains many extracellular matrix mole-
cules. This effect can be abolished with chondroitinase DISCUSSION
treatment, suggesting that the inhibitory nature of collagen
IX is associated with its chondroitin sulfate chain. Further, Collagen IX is a chondroitin sulfate proteoglycan associ-
these data suggest that collagen IX plays a similar role in ated with the posterior sclerotome of the somitic mesoderm
vivo; that is, its presence in tissues such as the posterior during the time when neural crest cells migrate and axons
sclerotome, in combination with permissive extracellular project through the anterior sclerotome. Previous reports
matrix molecules, can restrict the outgrowth of axons from have also localized collagen IX to the notochord and perino-
these regions. tochordal matrix using antibodies which recognize epitopes
associated with the core protein of the molecule (Kosher
Effect of Collagen IX on Neural Crest Cell and Solursh, 1989; Perris et al., 1991; Hayashi et al., 1992).
Migration in Vitro In agreement with these studies, we localized collagen IX
to the notochord and perinotochordal matrix. In addition,Similar to sensory and motor axon outgrowth, a popula-
tion of neural crest cells selectively invades the anterior we localized collagen IX molecule to the posterior sclero-
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FIG. 5. Sensory neurites growing on substrate-bound ®bronectin avoid regions which contain substrate-bound ®bronectin and collagen
IX. The avoidance behavior of sensory neurites to different concentrations of substrate-bound collagen IX mixed with ®bronectin was
investigated. E5-6 quail DRG neurites were cultured for 24 hr in dishes which contained border substrates (prepared as in Fig. 4). Sensory
neurites growing on ®bronectin (60 mg/ml) completely avoid regions containing 60 mg/ml ®bronectin / 60 (A), 40 (B), and 20 (C) mg/ml
collagen IX. Neurites entered regions which contained 10 mg/ml collagen IX (D), but were shorter than those from the same explant
growing in ®bronectin-only regions. The dishes were stained with the monoclonal antibody 2B9 and an HRP-coupled secondary antibody
to identify collagen IX in the spots. Large arrowheads (A±D) indicate the border between ®bronectin and ®bronectin / collagen type IX
proteoglycan. Small arrowheads (D) indicate the short neurites which extend into the collagen IX-containing spot. Neurites growing on
substrate-bound ®bronectin (60 mg/ml) did not avoid regions containing a mixture of substrate-bound BSA (60 mg/ml) / ®bronectin (E).
The dish was stained with a neuro®lament antibody and an HRP-coupled secondary antibody to visualize the neurites. Dotted line (E)
indicates the border between ®bronectin (bottom left) and ®bronectin / BSA (top right). Scale bar, 100 mm.
tome of the somite. Collagen IX was detected immunohisto- for collagen IX may be greater than that of antibodies which
recognize epitopes associated with the core protein of colla-chemically using monoclonal antibody 2B9, which recog-
nizes a chondroitin sulfate epitope found only on collagen gen IX, which is often covalenty bound to collagen II in
vivo. Supporting our immunohistochemical observations,IX. Due to its interaction with the glycosaminoglycan chain
of the molecule, the sensitivity of monoclonal antibody 2B9 in situ hybridization studies have demonstrated the pres-
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FIG. 6. Removal of the glycosaminoglycan side chain alters the activity of collagen IX in vitro. Substrates adsorbed to nitrocellulose-
coated dishes were treated with chondroitinase ABC, and their subsequent effect on neurite outgrowth was examined in vitro. Dishes
were stained with the monoclonal antibody 2B9 to demonstrate the removal of the GAG chain. Neurite outgrowth was visualized by
dark-®eld microscopy. E5-6 quail DRG were cultured on enzyme-treated ®bronectin (A), collagen IX (B), and a mixture of ®bronectin and
collagen IX (C). Border substrates which contained 60 mg/ml collagen IX and ®bronectin digested with chondroitinase no longer displayed
any avoidance behavior, indicating that the GAG chain was responsible for this activity (D). Dotted line indicates the border between
collagen IX / (bottom left) and 0 (top right) regions. Scale bar, 100 mm.
ence of collagen IX mRNA in sclerotome cells of the somite posterior sclerotome have been shown to be inhibitory to
neurite outgrowth, although the molecular nature of these(Hayashi et al., 1988) and the developing axial skeleton
(Swiderski and Solursh, 1992). To date, only a handful of molecules has not been established (Davies et al., 1990).
Further, a recent study has demonstrated that treatment ofmolecules localized to the posterior sclerotome of the so-
mite have been identi®ed, including the cytotactin-binding the somites with PNA in vitro abolishes the inhibitory na-
ture of the posterior somite such that neural crest cellsproteoglycan (Tan et al., 1987), peanut lectin-binding pro-
teins (Davies et al., 1990), T-cadherin (Ranscht and Bronner- entered both anterior and posterior sclerotome (Krull et al.,
1995). Together, these studies suggest that PNA-bindingFraser, 1991), and versican, a chondroitin sulfate proteogly-
can (Landolt et al., 1995). molecules may be involved in the segmentation of the pe-
ripheral nervous system in vivo.Although the expression of collagen IX in the posterior
sclerotome of the somites does not precede invasion of the Several chondroitin sulfate proteoglycans have also been
shown to be selectively expressed in the posterior sclero-somite by neural crest cells and motor axons, its expression
may contribute to the inhibitory nature of this tissue. Previ- tome of the somite. The cytotactin-binding proteoglycan is
expressed in the posterior sclerotome; however, during earlyous studies have suggested that inhibitory molecules pres-
ent in the notochord, perinotochordal matrix, and posterior stages of axon outgrowth and neural crest cell migration, it
is expressed throughout the entire sclerotome (Tan et al.,sclerotome of the somitic mesoderm may be responsible for
the avoidance of these tissues by migrating neural crest cells 1987). The expression of the chondroitin sulfate proteogly-
can versican has recently been shown to correlate with PNSand motor and sensory axons (Davies et al., 1990; Oakley
and Tosney, 1991). The posterior sclerotome has been segmentation (Landolt et al., 1995). Although versican is
known to interfere with the attachment of ®broblasts toshown to bind PNA during early somitogenesis (Stern et
al., 1986; Oakley and Tosney, 1991), and two PNA-binding various substrates in vitro, its effect on cells of the nervous
system has not been established (Yamagata et al., 1989).proteins (apparent Mr 48 and 55 1 103) associated with the
Copyright q 1996 by Academic Press, Inc. All rights of reproduction in any form reserved.
AID DB 8358 / 6x14$$$323 10-25-96 19:26:02 dba AP: Dev Bio
50 Ring, Hassell, and Halfter
FIG. 7. Collagen IX inhibits motor neurite outgrowth in vitro. Ventral neural tube explants from E5 chick were cultured on alternat-
ing stripes of basal lamina extract and basal lamina extract / collagen IX in a paradigm similar to that shown in Fig. 4A (A). Only
a small amount of neurite outgrowth occurred from regions of the explant which lay over a stripe containing a mixture of basal
lamina extract / 60 mg/ml collagen IX (see rectangular area in B). Neurites from regions of the explant which lay over a stripe
containing only basal lamina extract avoided the adjacent stripe containing a mixture of basal lamina extract / collagen IX (see
arrow in B). The avoidance behavior could be abolished by treatment of the substrate with chondroitinase ABC prior to addition of
the explant (C). Stripe of collagen IX mixed with basal lamina extract is to the right of the dotted line; basal lamina extract stripe is
to the left. Dishes were stained with the monoclonal antibody 2B9 to localize collagen IX in the stripe (B) or to demonstrate the
removal of the GAG chain (C). Scale bar, 100 mm.
The expression of collagen IX in the posterior sclerotome CsCl isopycnic centrifugation, we puri®ed collagen IX from
E10 chick vitreous body. Puri®ed collagen IX did not dem-made it a candidate molecule to be involved in peripheral
nervous system segmentation; therefore, we wanted to as- onstrate neurite outgrowth-promoting properties for either
of the two classes of neurons studied: sensory neurons fromsess its biological activity in vitro. Using a biochemical
procedure that involved ion exchange chromatography and dorsal root ganglia and motor neurons from ventral neural
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FIG. 8. Collagen IX inhibits neural crest cell migration in vitro. Neural tube explants (notochord removed) from E2 chick were placed
perpendicular to adjacent stripes of basal lamina extract and basal lamina extract / collagen IX, as in Fig. 7A. After 24 hr, abundant crest
cell migration occurred over the basal lamina stripe (left of arrowheads); however, these cells avoided the adjacent stripe which contained
collagen IX (right of arrowheads). Only a small amount of cells was found in the region containing collagen IX. Scale bar, 200 mm.
tube explants. Further, even at low concentrations, collagen describe 9BA12 immunoreactivity in both the anterior and
the posterior sclerotome of the somites at a time when axonIX altered the potent neurite outgrowth-promoting proper-
ties of both ®bronectin and basal lamina extract. This sug- outgrowth and neural crest cell migration are restricted to
the anterior sclerotome of the somite. This observation isgests that the presence of collagen IX in tissues containing
well-established growth-promoting molecules may modify signi®cant because it suggests that not all chondroitin sul-
fate proteoglycans function as barrier molecules and under-the behavior of axons in such an environment.
In vitro studies in which sensory or motor axons and scores the importance of the need for molecular character-
ization of the chondroitin sulfate proteoglycans associatedmigrating neural crest cells avoided regions containing
substrate-bound collagen IX after they had begun growing with nervous system development.
Collagen IX is a unique extracellular matrix moleculeon a favorable substrate give further support to the hy-
pothesis that collagen IX plays a similar role in vivo. In with properties of collagens and proteoglycans. Based on its
developmental expression and in vitro activity, we suggestvivo, axons and neural crest cells grow through regions
containing outgrowth-promoting extracellular matrix that collagen IX may contribute to the segmental pattern of
the peripheral nervous system by an inhibitory mechanism.molecules, while appearing to actively avoid areas en-
riched in barrier molecules (Oakley and Tosney, 1993).
These data suggest that the presence of collagen IX in the
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